INTRODUCTION {#s0}
============

Fermented foods and beverages are the result of extensive microbial growth wherein microbial metabolism and biosynthesis pathways transform the starting food matrices (e.g., milk, fruits, and vegetables) to products that have distinct organoleptic properties. These fermentations are also dynamic ecosystems that provide the opportunity to investigate the ecological principles of invasion and succession ([@B1]). Modern industrial food fermentations frequently employ the use of starter cultures (e.g., certain breads, beer, cheeses, and yogurts) to initiate and control product quality ([@B2]). Traditional fermented foods generally rely on the microbial inoculants present on the raw materials or located on equipment and human handlers. However, for both approaches, spoilage defects can occur and lead to significant product and economic losses. A better understanding of the microbial community dynamics influenced by starter or spoilage microbe growth should result in informed approaches to manage fermentations for optimal sensory quality with minimal product defects.

Table olives are produced in quantities reaching approximately 2 million tons per year and are among the most important fermented fruits on the international food market (<http://www.internationaloliveoil.org>). Fermented table olives are both popular and nutritious and are commonly consumed in the Mediterranean diet ([@B3]). There are many different styles of fermented table olives because of the large number of tree varieties and processing methods available. The most common commercially produced fermented table olives processed in the United States are "natural green" and are referred to as "Sicilian-style." These olives are harvested from Sevillano variety trees and then are submerged directly into acidified brine for 6 to 9 months. As for other olive fermentations, lactic acid bacteria (LAB) are essential for the transformation of the bitter and rigid olive fruits into palatable foods ([@B4]).

Although starter cultures are not yet used for the production of Sicilian-style olives in the United States, numerous studies have investigated strains of *Lactobacillus* and *Leuconostoc* as starter cultures for other olive fermentation methods ([@B5][@B6][@B10]). In those studies, strains of *Lactobacillus plantarum* and *Lactobacillus pentosus* were shown to be effective at increasing rates of brine acidification and improving the organoleptic qualities of the final product. However, examination of the effects of strain inoculants on the indigenous microbial community has been limited to either culture-dependent molecular methods ([@B11][@B12][@B13]) or global sequence-based measurements of the bacterial but not fungal taxa ([@B7]).

Similar to other fermented foods, fermented olives are also susceptible to defects and spoilage. Growth of contaminant bacteria such as *Bacillus* and *Clostridium* species can lead to gas pockets or the development of musty or putrid off-flavors ([@B14]). Spoilage can also be caused by molds and yeasts ([@B14]). Although yeasts are indigenous to many olive fermentations and contribute beneficially to texture and flavor development, these microorganisms are also associated with poor sensory qualities and damaged fruit ([@B15]). We recently found that pectinolytic yeasts indigenous to Sicilian-style fermentations are causative agents of extensive olive tissue damage and spoilage ([@B4]). Inoculation of*Saccharomyces cerevisiae* UCDFST 09-448, a strain with the capacity to degrade polygalacturonic acid, resulted in extensive structural losses to the olive mesocarp identical to those of spoiled olives produced at a commercial processor ([@B4]). By comparison, addition of *Pichia kudriazevii* UCDFST 09-427, a strain lacking polygalacturonase (PGA) activity, did not cause tissue damage.

A shared facet between starter and spoilage microbes is that they provide disproportionate contributions to the attributes of the final food product. These microbes are "invaders" of fermented food ecosystems. In this study, we investigated the effects of both types of organisms (starter and spoilage) on Sicilian-style fermented table olives. We measured the microbial community dynamics and textural/chemical properties of olives and brines that result from the addition of *S. cerevisiae* UCDFST 09-448, *P. kudriazevii* UCDFST 09-427, and starter cultures of *L. plantarum* and *Leuconostoc pseudomesenteroides*.

RESULTS {#s1}
=======

Changes to the acidity and texture of olives with LAB and yeast additions. {#s1.1}
--------------------------------------------------------------------------

The brine was at approximately pH 2.5 at the start of the study and increased over time ([Fig. 1](#fig1){ref-type="fig"}). Notably, the addition of the mother brine (pH 2.4) to all fermentations on day 38 did not alter the pH or titratable acidity. In order to maintain a pH conducive for fermentation, acetic acid was added to the brines with a pH above 4.0 at 76 and 167 days. The pH adjustment also changed the brine titratable acidity (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Most of the fermentations requiring pH adjustment contained *S. cerevisiae* UCDFST 09-448 and/or *P. kudriavzevii* UCDFST 09-427. By comparison, LAB-inoculated fermentations tended to have the lowest pH over the course of the 225 days of study and were significantly more acidic than the controls from days 106 to 223 (*P* = 0.013 for the combined time point data, Mann-Whitney *U* test) ([Fig. 1](#fig1){ref-type="fig"}).
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Titratable acidity of olive brines. Titratable acidity was measured as % lactic acid (g/liter brine × 100%). Acetic acid (5.7 mM) was added to the brines of certain fermentations on day 76 (*S. cerevisiae* UCDFST 09-448, *P. kudriazevii* UCDFST 09-427, and the control fermentations) and day 167 (*S. cerevisiae* UCDFST 09-448, *P. kudriazevii* UCDFST 09-427, and those containing *S. cerevisiae* UCDFST 09-448 and *P. kudriazevii* UCDFST 09-427). The average ± SD from two independent replicates at each time point is shown. Download FIG S1, EPS file, 1.9 MB.
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![pHs of olive brines. The average ± standard deviation (SD) of two independent replicates at each time point is shown. Acetic acid (5.7 mM) was added to the brines of certain fermentations on day 76 (*S. cerevisiae* UCDFST 09-448, *P. kudriazevii* UCDFST 09-427, and the control fermentations) and day 167 (*S. cerevisiae* UCDFST 09-448, *P. kudriazevii* UCDFST 09-427, and those containing both *S. cerevisiae* UCDFST 09-448 and *P. kudriazevii* UCDFST 09-427).](sph0011722260001){#fig1}

The brine salinity decreased over time for all fermentations (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). NaCl was added periodically to maintain a salinity at or above 40 ppt and was increased to 60 ppt at the end of the study for consistency with commercial practices.
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Salinity of olive brines. At day 76, salinity was increased to approximately 45‰ in all treatments. Starting at day 173, the salinity was raised by 5‰ every 2 weeks until a final concentration of 60‰ was reached in all treatments. The average ± SD from two independent replicates at each time point is shown. Download FIG S2, PDF file, 0.1 MB.
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There were significant reductions in the firmness of all olives from an average of 17.9 N/g to 8.9 N/g between 8 and 14 days after submersion (*P* \< 0.0001, Welch's analysis of variance \[ANOVA\]) ([Fig. 2](#fig2){ref-type="fig"}). After 14 days, only the olives inoculated with *S. cerevisiae* UCDFST 09-448 continued to soften ([Fig. 2](#fig2){ref-type="fig"}) and therefore exhibited the spoilage defect observed previously ([@B4]). Those olives were approximately 2.4-fold softer than the controls, on average, at day 37 and remained significantly softer for the duration of the study (*P* \< 0.0001, Kruskal-Wallis test). Although fermentations coinoculated with *P. kudriavzevii* UCDFST 09-427 and *S. cerevisiae* UCDFST 09-448 contained slightly firmer fruits compared to those inoculated with *S. cerevisiae* UCDFST 09-448 alone, this difference was not significant (*P* = 0.655, Mann-Whitney *U* test) ([Fig. 2](#fig2){ref-type="fig"}). In contrast, the firmness of olives treated as controls or inoculated with *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R was similar to normal-quality commercially prepared olives.

![Texture analysis of olive firmness. The maximum force needed to displace olive tissue is plotted with respect to time after the initiation of the olive fermentations. Data points represent the average ± SD from 10 olives (5 from each of the replicate containers). Lower values indicate softer olives.](sph0011722260002){#fig2}

Growth of yeast in brines and olives. {#s1.2}
-------------------------------------

Brines inoculated with *S. cerevisiae* UCDFST 09-448 or *P. kudriavzevii* UCDFST 09-427 initially harbored approximately log 6.0 yeast CFU/ml ([Fig. 3A](#fig3){ref-type="fig"}). By comparison, the numbers of culturable yeast cells in control and LAB-inoculated containers at the start of the study were approximately 1,000-fold lower ([Fig. 3A](#fig3){ref-type="fig"}). Within 2 weeks, the levels of yeast in the brines were similar for all fermentations ([Fig. 3A](#fig3){ref-type="fig"}).

![Yeast populations in pilot-scale Sicilian-style fermented olives and brines. Yeasts in brines (A) and associated with olives (B) were enumerated on RBCA culture medium throughout 7 months of fermentation. Each data point denotes the average ± SD (*n* = 2 for the brines and *n* = 6 olives \[3 per replicate container\]). The detection limits for yeast were 10^3^ CFU/ml in the brine and 10^2^ CFU/ml for the olives. The sampling dates were days 0 (after inoculation), 3, 8 to 9, 15, 22, 39, 71, 106, 136, 162, 194, and 223.](sph0011722260003){#fig3}

Olives harbored lower numbers of yeast than the brine ([Fig. 3B](#fig3){ref-type="fig"}). Olives from the controls and those inoculated with either *P. kudriavzevii* UCDFST 09-427 or LAB initially harbored less than 100 yeast CFU/g. Larger quantities of culturable yeast (between log 3 to log 4 yeast CFU/g) were recovered from the olives inoculated with*S. cerevisiae* UCDFST 09-448 and continued to increase for approximately the first 20 days ([Fig. 3B](#fig3){ref-type="fig"}). Subsequently, all fermentations tended to contain between log 4.0 and log 5.0 yeast CFU/g olive, and this number increased up to log 6.0 by day 225 ([Fig. 3B](#fig3){ref-type="fig"}).

Proportions of yeast producing PGA in olive fermentations. {#s1.3}
----------------------------------------------------------

We measured for the presence of *S. cerevisiae* UCDFST 09-448 by screening individual yeast isolates from the olives and brine for their capacity to degrade polygalacturonic acid. Three days after the addition of yeast and LAB to the fermentations, between 80 and 100% of the colonies tested from containers inoculated with *S. cerevisiae* UCDFST 09-448 exhibited polygalacturonic acid (PGA) activity ([Table 1](#tab1){ref-type="table"}). Sequence-based identification of those yeasts confirmed that the majority of the PGA-positive isolates were *S. cerevisiae* (data not shown). The levels of PGA-positive yeast in those fermentations remained high for at least 37 days. By comparison, much lower fractions (0 to 18%) of the yeast isolates from the other fermentations were PGA positive ([Table 1](#tab1){ref-type="table"}). The highest numbers of yeasts with PGA activity in those fermentations were found 37 days into the study and encompassed 34% (48 PGA positive/143 total) and 36% (28 PGA positive/78 total) of the isolates from containers with either *P. kudriavzevii* UCDFST 09-427 or *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R, respectively. Only 2 of the 209 yeast isolates tested from the control fermentations were able to degrade polygalacturonic acid. By 135 days, the number of yeast isolates with PGA activity was low in all fermentations ([Table 1](#tab1){ref-type="table"}).

###### 

Proportions of PGA-positive yeast

  Treatment                                                    Ratio (%) of PGA^+^ to total isolates at postinoculation day[^a^](#ngtab1.1){ref-type="table-fn"}:                                                         
  ------------------------------------------------------------ ---------------------------------------------------------------------------------------------------- ------------ ------------- ------------ ------------- ----------
  Control fermentations                                        0/22                                                                                                 0/27         0/10          2/10 (20)    0/40          0/105
  *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R      2/25 (8)                                                                                             3/19 (16)    5/14 (36)     7/38 (18)    28/78 (36)    3/39 (8)
  *P. kudriavzevii* UCDFST 09-427                              2/12 (17)                                                                                            1/6 (17)     2/24 (8)      6/53 (11)    48/143 (34)   0/31
  *S. cerevisiae* UCDFST 09-448                                26/26 (100)                                                                                          19/32 (59)   17/17 (100)   37/43 (86)   38/70 (54)    0/132
  *S. cerevisiae* UCDFST 09-448 and *P. kudriavzevii* 09-427   27/32 (84)                                                                                           17/24 (71)   33/38 (87)    32/40 (80)   50/85 (87)    0/22

Shown is the ratio of PGA-positive isolates to total isolates recovered from both brine and olives.

Bacterial cell numbers in brines and olives. {#s1.4}
--------------------------------------------

For fermentations without added LAB, bacteria were first detected in the brine of the controls and containers inoculated with *P. kudriavzevii* UCDFST 09-427 at day 39 ([Fig. 4A](#fig4){ref-type="fig"}). Bacterial cell numbers were below the detection limit in fermentations containing *S. cerevisiae* UCDFST 09-448 (and no added LAB) until several weeks later. By comparison, the addition of *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R resulted in the recovery of an average of log 7 CFU/ml brine immediately after inoculation on day 9 ([Fig. 4A](#fig4){ref-type="fig"}). Similar numbers were detected on MRS containing rifampin (MRS^Rif^), confirming the presence of the rifampin-resistant inoculants ([Fig. 5](#fig5){ref-type="fig"}). Six days later (day 15), the population sizes of bacteria in the brines of LAB-inoculated fermentations declined to log 3 CFU/ml on MRS ([Fig. 4A](#fig4){ref-type="fig"}) and log 1.5 CFU/ml on MRS^Rif^ ([Fig. 5](#fig5){ref-type="fig"}) and then increased again by the next time point (day 37).

![Bacterial populations in pilot-scale Sicilian-style fermented olives and brines. Bacteria in the (A) brines and (B) olives were enumerated on MRS. Each data point shows the average ± SD (*n* = 2 for the brines and *n* = 6 olives \[3 per replicate container\]). The detection limits for bacteria were 10^2^ CFU/ml in the brine and 10 CFU/ml for the olives. The sampling dates were days 0 (after inoculation to inoculation), 3, 8 to 9, 15, 22, 39, 71, 106, 136, 162, 194, and 223.](sph0011722260004){#fig4}

![Numbers of *L. plantarum* AJ11 and *L. pseudomesenteroides* BGM3 cells in fermented olives and brines. Each point represents the total Rif^r^ bacterial numbers in brines (solid lines \[log CFU per milliliter) and olives (dashed \[log CFU per gram) from those fermentations inoculated with *S. cerevisiae* UCDFST 09-448 and *L. plantarum* AJ11 (×) and *L. pseudomesenteroides* BGM3 and *L. plantarum* AJ11 (■). Each data point is the average ± SD (*n* = 2 for the brines and *n* = 6 olives \[3 per replicate container\]). The detection limits were 10^2^ CFU/ml and 10 CFU/ml for the brines and olives, respectively. The sampling dates were days 0 (after inoculation to inoculation), 3, 9, 15, 22, 39, 71, 106, 136, 194, and 223.](sph0011722260005){#fig5}

Starting at day 106, all of the brines contained very similar bacterial population sizes, ranging from between log 6 to log 7 CFU/ml ([Fig. 4A](#fig4){ref-type="fig"}). Remarkably, after that time point, the numbers of the *L. pseudomesenteroides* BGM3R and/or *L. plantarum* AJ11R inoculants fluctuated dramatically according to viable cell counts on MRS^Rif^ and were below the detection limit by the end of the study ([Fig. 5](#fig5){ref-type="fig"}). These effects were not the result of the addition of the mother brine at 39 of the study, because no culturable bacteria on either MRS or tryptic soy agar medium were detected in the mother brine and yeast cells were detected at a low level (log 3.9 CFU/ml).

Bacterial population sizes associated with the olives followed similar patterns compared to those found in the brines ([Fig. 4](#fig4){ref-type="fig"}). By day 106, olives from all fermentations contained approximately log 6 bacterial CFU/g and remained at that level until the end of the study ([Fig. 4B](#fig4){ref-type="fig"}). Rif-resistant *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R were associated with the olives on day 16, the same time point when the brines contained the lowest bacterial numbers ([Fig. 5](#fig5){ref-type="fig"}). The levels of culturable BGM3R and AJ11R associated with the olives then fluctuated after the total LAB quantities stabilized after day 106 ([Fig. 4B](#fig4){ref-type="fig"}; [Fig. 5](#fig5){ref-type="fig"}).

Yeast and bacterial diversity in fermenting olives. {#s1.5}
---------------------------------------------------

Microbial diversity in the olive fermentations was examined by high-throughput DNA sequencing of the fungal internal transcribed spacer (ITS) region 1 and V4 region of bacterial 16S rRNA genes. Because the majority of observed changes in microbial numbers occurred within 90 days after the olives were submerged ([Fig. 3](#fig3){ref-type="fig"}; [Fig. 4](#fig4){ref-type="fig"}), we focused on the olive-associated microbiota prior to that point.

Overall, the fungal populations associated with the olives were highly homogeneous and consisted of only a few yeast species. For the 6,167,514 ITS sequences retained after quality filtering, there were no significant differences between the fungal communities at different sampling times according to alpha and beta diversity metrics (observed operational taxonomic units \[OTUs\] and Bray-Curtis dissimilarity \[data not shown\]). In total, 27 OTUs were identified and distributed among eight different taxa. The most abundant taxon was *Candida boidinii* from the *Ogataea* clade, which comprised 99.4% of all ITS sequences ([Fig. 6A](#fig6){ref-type="fig"}; see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). *Pichia* and *Saccharomyces* were also detected, and while recovered in low proportions from all olives, they were significantly increased in fermentations inoculated with *S. cerevisiae* UCDFST 09-448 and/or *P. kudriavzevii* UCDFST 09-427 ([Fig. 6B](#fig6){ref-type="fig"}). In fermentations inoculated with *S. cerevisiae* UCDFST 09-448, sequences classified as *Saccharomyces* reached a maximum abundance of 1.3% by day 37 ([Fig. S3](#figS3){ref-type="supplementary-material"}). For olives exposed to *P. kudriavzevii* UCDFST 09-427, *Pichia* sequences reached at an average abundance of 21.7% on day 8, and those percentages dropped to an average of 1.3% by day 21 ([Fig. S3](#figS3){ref-type="supplementary-material"}). When both *S. cerevisiae* UCDFST 09-448 and *P. kudriavzevii* UCDFST 09-427 were added, there was a higher relative abundance of *Pichia* on day 8 and there were higher proportions of *Saccharomyces* on day 21. Members of both genera fell to below 1% abundance in all fermentations by day 71 ([Fig. S3](#figS3){ref-type="supplementary-material"}).

10.1128/mSphere.00315-16.3

Proportions of yeast taxa in olive fermentations. Displayed is the relative abundance of yeast taxa associated with the olives. The *x* axis shows the treatment group and the specific day that the sample was taken after the start of the study. Download FIG S3, PDF file, 0.1 MB.
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![Proportions of *Saccharomyces* and *Pichia* in olive fermentations. (A) Relative abundance of all yeasts averaged across all time points for each fermentation. Displayed on the *y* axis are the different inoculants into the olive fermentations as follows: control, *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R (Lp+Lp), *P. kudriavzevii* UCDFST 09-427 (Pk), 10^7^ CFU/ml *S. cerevisiae* UCDFST 09-448 (Sc), and *S. cerevisiae* UCDFST 09-448 and *P. kudriavzevii* UCDFST 09-427 (ScPk). (B) Multivariate analysis was performed using MaAsLin. The *y* axis displays the abundance of *Saccharomyces* (left) and *Pichia* (right) for fermentations described in panel A. \*\*\*, *P* \< 10^−9^; \*, *P* \< 10^−4^.](sph0011722260006){#fig6}

In contrast to fungi, bacterial populations underwent substantial alterations during the early phases of the olive fermentations. Principal coordinate analysis (PCoA) of the weighted UniFrac distance between microbial communities showed that olive-associated bacterial populations changed compositionally over time ([Fig. 7A](#fig7){ref-type="fig"}). For all of the fermentations, bacteria associated with olives at day 71 differed from those at earlier time points. Contributing to these differences were significant reductions in the richness of bacterial taxa present on the olives (*P* \< 0.005, *t* test with false discovery rate \[FDR\] correction) ([Fig. 7B](#fig7){ref-type="fig"}).

![The effect of time and microbial inoculation on bacterial diversity. (A) Principal coordinate analysis (PCoA) of the weighted UniFrac (beta-diversity) distance metric. (B) Observed OTUs by day at a depth of 504 DNA sequences per sample. The average ± SD of the number of OTUs per time point per fermentation type is shown. Pairwise comparisons of observed OTUs between and within the treatments at different days were calculated using the Students *t* distribution test with FDR correction. Asterisks indicate conditions where the observed OTUs were significantly reduced compared to the control samples collected on day 8.](sph0011722260007){#fig7}

A total of 96 OTUs and 36 distinct bacterial taxa were found among the 1,424,999 DNA sequences examined. The majority of these sequences were assigned to LAB genera, including *Lactobacillus*, *Leuconostoc*, *Pediococcus*, and *Lactococcus* ([Fig. 8](#fig8){ref-type="fig"}). Other bacterial taxa, including members of the *Proteobacteria*, were also detected, but their proportions declined to background levels before day 71 ([Fig. 8](#fig8){ref-type="fig"}). Members of the *Lactobacillus* genus were most abundant, and among the 18 OTUs classified to this genus, 14 significantly increased in relative abundance from days 37 to 71 (FDR-corrected fitZIG *P* values of \<0.0002). The *Lactobacillaceae* family, and particularly *Lactobacillus* and *Pediococcus*, comprised over 99% of all bacteria in the fermentations by day 71 ([Fig. 8](#fig8){ref-type="fig"}).

![Bacterial composition of olive fermentations is affected by microbial inoculation. The relative abundance of 16S rRNA gene sequences classified at different taxonomic levels is shown for 3 to 4 olive samples for each time point and fermentation type. Olive OTUs with a relative abundance below 0.5% across the data set were grouped into the category "Other Bacteria."](sph0011722260008){#fig8}

Bacterial populations on olives inoculated with *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R were different from those in the control and yeast-inoculated fermentations. Before the addition of *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R on day 9, species richness associated with those olives was comparable to those of the other fermentations. By day 21, significantly fewer OTUs were detected in association with the LAB-inoculated olives compared to those with *S. cerevisiae* UCDFST 09-448 and/or *P. kudriavzevii* UCDFST 09-427 (*P* \< 0.005, *t* test with FDR correction) ([Fig. 7B](#fig7){ref-type="fig"}). At day 37, olives to which *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R were added contained significantly fewer OTUs than all other fermentations tested (*P* \< 0.005, *t* test with FDR correction) ([Fig. 7B](#fig7){ref-type="fig"}). The bacterial communities within these containers were dominated by *Lactobacillus* ([Fig. 8](#fig8){ref-type="fig"}). Notably, the bacterial diversity associated with olives from the *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R fermentations at days 21 and 37 clustered with the other fermentations at day 71 ([Fig. 7A](#fig7){ref-type="fig"}).

DISCUSSION {#s2}
==========

The introduction of exogenous spoilage yeast and starter LAB into Sicilian-style olive fermentations caused significant but distinct alterations to the numbers and diversity of microbes associated with the olives and brines. Yeast populations were only modestly and transiently affected when olives were inoculated with pectinolytic *S. cerevisiae* and/or nonpectinolytic *P. kudriavzevii*. However, this exposure was still sufficient for extensive softening and spoilage of olives containing *S. cerevisiae* UCDFST 09-448. Conversely, fermentations containing added *L. plantarum* and *L. pseudomesenteroides* strains exhibited significant increases in LAB and global changes in bacterial community composition that corresponded with increased brine acidity.

Similar to other studies on natural green olives ([@B16]), yeast numbers increased rapidly and were sustained in the control fermentations. Yeast cells were approximately 10-fold more abundant in the brines as opposed to the olives, as we found previously ([@B4]). Those olive yeast communities were dominated nearly exclusively by *C. boidinii*. *Candida*, and specifically *C. boidinii*, is a common inhabitant of olive fermentations, including those that are "natural green" ([@B4], [@B17][@B18][@B19]). Although *C. boidinii* was not as prominent in those fermentations as was found here, this distinction might be the result of our more thorough, culture-independent analysis of the yeast populations. Alternatively, because we only measured the microbiota for the first 71 days after olive submersion, it is possible that the dominant yeast species could have changed over time and subsequently during product storage ([@B20]).

Introduction of *S. cerevisiae* UCDFST 09-448 and *P. kudriavzevii* UCDFST 09-427 resulted in elevated numbers of yeast cells in the brine, strongly indicating that both strains survived, at least initially, in the fermentations. Olives inoculated with those strains also harbored significantly higher proportions of *Saccharomyces* and *Pichia* compared to the other fermentations when measured at days 21 and 37 according to community-level DNA sequence analysis. Notably, however, these genera constituted only between \<1% and 42% maximal abundance in any of the olives tested at those time points. The proportions of these two genera then diminished to background levels within the first 70 days of the experiment. Thus far, few published reports have investigated the effects of exogenous yeast cultures on the population microbial dynamics and diversity in olive fermentations ([@B5], [@B7], [@B16]). According to culture-dependent methods applied in those reports, levels of the inoculated yeast cells were either maintained ([@B5]) or significantly reduced ([@B16]) as the fermentations progressed. Such variation might be the result of the processing method applied or yeast strain- or species-dependent differences in the capacity to successfully invade and colonize olive drupes in the presence of the indigenous fermentation-associated microbiota.

Even though fermentations exposed to *S. cereviseae* UCDFST 09-448 contained low proportions of this species, the mesocarp tissue integrity of those olives was significantly compromised. The observed losses in tissue firmness were also in agreement with the initially high proportions of PGA-positive yeasts in fermentations containing *S. cereviseae* UCDFST 09-448. Detrimental reductions in tissue firmness occurred approximately 30 days into the study. Even though softening was delayed for olives coinoculated with nonpectinolytic *P. kudriavzevii* UCDFST 09-427, this difference was not sufficient to prevent *S. cerevisiae* UCDFST 09-448-induced spoilage. Importantly, for all fermentations containing *S. cerevisiae* UCDFST 09-448, PGA-positive yeast cells were below the limit of detection by the end of the study. These results indicate that either olives are most susceptible to contaminant spoilage yeast during the early stages of fermentation prior to the development of stable yeast communities, or alternatively, that there is a finite time frame in which *S. cerevisiae* UCDFST 09-448 is able to successfully compete with the indigenous yeast microbiota.

Notably, the proportions of yeast species according to ITS sequencing differed compared to the high numbers of PGA-positive yeast cells detected in the *S. cerevisiae* UCDFST 09-448 fermentations. Although the significance of this distinction is not yet known, the disparity could be due to the presence of dead but intact *C. boidinii* in the fermentations or the result of viable but nonculturable cells that were unable to grow on the laboratory culture medium used here. For the latter, other yeast species were also found to enter into nonculturable states ([@B21], [@B22]). Ultimately, refinements to yeast-specific DNA sequencing methods combined with other techniques such as fluorescent *in situ* hybridization (FISH) will help to resolve this discrepancy and can be used for more thorough measurements of yeast communities than culture-dependent molecular typing methods which are of limited throughput and both costly and time-intensive. The value of culture-independent DNA sequencing has already been shown in measurement of bacterial communities associated with olive fermentations ([@B7], [@B23]), and therefore the yeast-specific ITS database developed here provides necessary and complementary information.

The populations initially associated with the olives were diverse, and up to 30% of the bacteria detected were non-LAB species. Growth of bacteria in the fermentations took between 3 and 5 weeks longer than found previously ([@B4]), possibly because of the lower starting pH (pH 2.5 as opposed to pH 3.0) of the brines used in the present study. The initial recalcitrance of the fermentations to LAB growth was also evident by our inability to recover culturable *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R inoculants after their first addition to the brine. By day 9, the pH of all fermentations increased to 3.1, and our attempt at inoculating the LAB strains on that day was successful. Overall, the exogenous LAB resulted in significant modifications to the fermentations, including initial increases in total bacterial cell numbers and a more rapid progression toward LAB-dominated bacterial communities. To this point, the bacterial composition of olives exposed to *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R for 3 weeks resembled the low-diversity, *Lactobacillus-*dominated microbiotas of olives that had fermented for over 2 months. This finding agrees with previous studies showing that LAB starter cultures can reach high numbers following inoculation into olives ([@B11], [@B12]) and inhibit competing microbes ([@B24]). Moreover, these additions changed the environment of the fermentations and, likely as a result of their production of organic acids, conferred consistently lower brine pH.

Remarkably, even with the lower bacterial diversity and favorable increase in the fermentation environment in olives containing *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R, those fermentations were not static. The numbers of rifampin-resistant bacteria fluctuated significantly when measured after day 106 and were sufficiently low that they were below the limit of detection in the brines and olives at the end of the study. The lack of stability for individual strains within the fermentations was also noticeable among the yeasts, as indicated by the reductions in PGA-positive yeast over time, even in containers with *S. cerevisiae* UCDFST 09-448. To fully elucidate microbial community dynamics in food fermentations, it is therefore important to monitor the numbers of starter culture strains rather than rely on total (culturable) cell quantities. This approach should ultimately improve our understanding of the microbial succession and equilibrium dynamics that occur, even in relatively simple food fermentations.

Recent studies have provided evidence of interdomain interactions between yeast and LAB cocultures ([@B25][@B26][@B27]). Although we found no indication that the addition of spoilage yeast affected LAB species diversity (and vice versa), LAB were detected earlier in olives containing the added *P. kudriavzevii* UCDFST 09-427. This finding supports other studies on olives showing that at least certain yeast strains can have direct quantitative effects on LAB, potentially by promoting the release of nutritive compounds ([@B15]). Conversely, the addition of LAB did not have an apparent effect on total yeast numbers or diversity.

In conclusion, this study shows the significant but remarkably different effects that exogenous spoilage yeast and starter culture LAB have on the microbial community dynamics and outcomes of fermented foods. These strain additives, although potentially minor constituents of the food microbiota, can still have significant effects on related and unrelated species, including those in different domains of life (fungi and bacteria). This awareness adds to our understanding of the effects of microbial strain invasions on community stability in food ecosystems. The findings can be applied to improve selection methods for starter cultures and the design of microbial-based strategies that prevent defects by spoilage yeast.

MATERIALS AND METHODS {#s3}
=====================

Microorganisms and culture preparation. {#s3.1}
---------------------------------------

*S. cerevisiae* UCDFST 09-448, *P. kudriavzevii* UCDFST 09-427, *L. plantarum* AJ11, and *L. pseudomesenteroides* BGM3 were initially isolated from commercial Sicilian-style olive fermentations in California. The yeast strains are maintained in the Phaff Yeast Culture Collection (UCDFST; <http://phaffcollection.ucdavis.edu/>). Both *S. cerevisiae* UCDFST 09-448 and *P. kudriavzevii* UCDFST 09-427 were described previously ([@B4]). *L. plantarum* AJ11 and *L. pseudomesenteroides* BGM3 were selected because of their elevated acid, salt, and heat tolerance levels compared to other olive-associated, LAB isolates (data not shown). To enable the detection of *L. plantarum* AJ11 and *L. pseudomesenteroides* BGM3 in olive fermentations, spontaneous rifampin (Rif)-resistant mutants of these strains were selected after growth in de Man-Rogosa-Sharpe broth (BD, Franklin Lakes, NJ) containing 50 µg/ml Rif (MRS^Rif^) (Thermo Fisher Scientific, Waltham, MA). The rifampin variants were renamed BGM3R and AJ11R.

For inoculation into pilot fermentations, *S. cerevisiae* UCDFST 09-448 and *P. kudriavzevii* UCDFST 09-427 were grown in yeast mold (YM) broth (BD, Franklin Lakes, NJ) at 30°C with aeration for 48 h. *L. plantarum* AJ11R and *L. pseudomesenteroides* BGM3R were grown in MRS at 30°C without aeration for 24 h. The yeast and LAB cells were then collected by centrifugation at 15,300 × *g* for 10 min at 4°C and washed twice in saline (0.85% NaCl). Yeast numbers were adjusted to 10^8^ cells/ml and LAB to 10^9^ cells/ml with a hemocytometer (Bright Line, NY, USA) prior to inoculation into the olive brines.

Olive fermentations. {#s3.2}
--------------------

Freshly harvested Sevillano olives were provided by a commercial California olive processor in October 2012 and submerged in 1-gal (3.8-liter) plastic containers containing brine (pH 2.5) with 5% NaCl and 0.3% lactic acid consistent with California industry practice. The olives lacked visible defects and did not show mesocarp damage. The containers were equipped with meshed plastic discs to ensure olive submersion. Lids contained pin-sized holes to permit ventilation. Within 24 h after olive submersion, the brine was inoculated to reach an estimated 10^7^ cells/ml of *S. cerevisiae* UCDFST 09-448, *P. kudriavzevii* UCDFST 09-427, *S. cerevisiae* UCDFST 09-448, and *P. kudriavzevii* UCDFST 09-427 together or *L. plantarum* AJ11 and *L. pseudomesenteroides* BGM3. To enable comparisons among the fermentations, control containers were inoculated with a similar volume of sterile physiological saline (95 ml). Because viable rifampin-resistant bacteria were not detected 24 h after inoculation according to growth on MRS^Rif^, these strains were added again on day 9 of the study. On day 38, commercial "mother brine" from 2011 was added to a final concentration of 0.2%. All of the fermentations were performed in duplicate and incubated in a climate-controlled room at 21 to 23°C. Salinity, pH, and titratable acidity were measured periodically as previously described ([@B4]). Salinity and acidity were periodically increased in the fermentations using NaCl and 5.7 M acetic acid, respectively, as recommended by the commercial processor.

Texture analysis. {#s3.3}
-----------------

Olives were weighed and then measured for firmness with a TA-XT2 texture analyzer equipped with Texture Expert Exceed software version 2.64 and a TA30 compression probe (Stable Micro Systems, Godalming, United Kingdom). The loading cell was set to 25 kg and calibrated with a 5-kg standard weight. Force was measured as the compression of one olive. Values in Newtons were recorded as the maximum force detected by the instrument throughout the testing distance of 5 mm at a constant speed of 3 mm/s upon contact of the probe with the olive.

Enumeration of culturable yeast and bacteria from olive fermentations. {#s3.4}
----------------------------------------------------------------------

Three olives from each container were placed into separate 207-ml (7-oz) Whirl-Pak filter bags (Nasco, Modesto, CA) containing 3 ml phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~, 2 mM KH~2~PO~4~ \[pH 7.4\]) and macerated with a rubber mallet. Approximately 100 µl of the soluble olive macerate suspension was collected from the opposite side of the bag filter for viable cell enumeration. The olive tissue macerate (approximately 500 mg) was frozen at −20°C for DNA extraction as described below. Brine was stirred and collected from the center of each container at a depth of at least 5 cm below the surface. Culturable yeast cells were enumerated by plating serial dilutions of the olive macerate and brine onto Rose Bengal chloramphenicol agar (RBCA) (BD, Franklin Lakes, NJ) supplemented with 100 µg/ml chloramphenicol (Thermo Fisher Scientific, Waltham, MA) to prevent bacterial growth. Bacteria were enumerated on tryptic soy agar (TSA) (Remel, Lenexa, KS) and MRS containing Natacid (25 µg/ml) (Caglificio Clerici, Manzoni, Italy) to prevent yeast and mold growth. When appropriate, Rif was added to MRS at a concentration of 50 μg/ml. MRS agar plates were incubated anaerobically in BD BBL GasPak containers (BD, Franklin Lakes, NJ). All plates were incubated at 30°C for 24 to 48 h prior to colony enumeration.

PGA activity. {#s3.5}
-------------

Yeast cells isolated from the brines and olives on RBCA were selected on the basis of colony morphology to test for PGA activity. The yeast isolates were first grown for 24 h in YM containing 1.5% (wt/vol) pectin (Spectrum Chemical Manufacturing Corp., Gardena, CA) and were then dispensed into preformed wells in agar plates containing polygalacturonic acid prepared as previously described ([@B4]). The plates were incubated at 30°C for 24 h and stained with 0.05% ruthenium red (Acros Organics, Geel, Belgium) for 30 min, and the PGA activity was quantified by measuring the radius of the zone of clearing around the wells ([@B28]). Purified PGA at a concentration of 0.001 mg/ml (Sigma-Aldrich, St. Louis, MO) was used as a positive control.

DNA extraction, sequencing, and analysis. {#s3.6}
-----------------------------------------

Four olives (2 per replicate container) were selected for bacterial and yeast identification. For DNA extraction, 0.1 g of olive macerate was suspended in 180 µl PBS, 100 µl lysis buffer (200 mM NaCl, 100 mM Tris \[pH 8\], and 20 mM EDTA), and lysozyme (20 mg/ml) in the presence of 0.3 g of 0.1-mm zirconia silica beads (BioSpec Products, Bartlesville, OK) and incubated at 37°C for 30 min. A total of 1.7 ml ASL buffer (QIAamp DNA stool minikit; Qiagen, Valencia, CA) was added prior to lysis in a FastPrep-24 homogenizer (MP Biomedicals, Solon, OH) at a speed setting of 6.5 m/s for 2 min. Finally, the DNA was purified on a QIAamp column (Qiagen) according to the manufacturer's instructions.

The V4 region of bacterial 16S rRNA genes was amplified from DNA extracted from the olives using barcoded F515 (5′ NNNNNNNNGTGTGCCAGCMGCCGCGGTAA 3′) primers and the R806 primer (5′-GGACTACHVGGGTWTCTAAT-3′) ([@B29]). Fungal internal transcribed spacer (ITS) region 1 was amplified by PCR with barcoded forward BITS primer (5′ NNNNNNNNACCTGCGGARGGATCA 3′) and reverse B58S3 primer (5′ GAGATCCRTTGYTRAAAGTT 3′) ([@B30]). Each forward primer contained a unique 8-nucleotide bar code (represented by "N") that enabled multiplexing among samples. For amplification of bacterial 16S rRNA genes, PCR was performed using 5 ng DNA template, 2.5 U GoTaq DNA polymerase (Promega, Madison, WI), 1× Colorless GoTaq reaction buffer, 0.2 mM deoxynucleoside triphosphates (dNTPs) (Promega), 1 mM MgCl~2~, and 5 pmol of each primer. PCR was initiated at 94°C for 3 min, followed by 35 cycles of 94°C for 45 s, 50°C for 1 min, and 72°C for 1.5 min with a final extension at 72°C for 10 min. PCR amplification of fungal ITS was carried out using the same reagents but with 5 pmol of each primer and with PCR conditions set to an initial temperature of 95°C for 2 min followed by 40 cycles of 95°C for 2 min, 55°C for 30 s, and 72°C for 1 min with a final extension at 72°C for 5 min. All amplified products were mixed at similar quantities and purified with the Wizard SV gel and PCR cleanup kit (Promega). The pooled samples were used for library construction and sequenced on an Illumina MiSeq using the paired-end 250-bp protocol at the University of California, Davis Genome Center (<http://dnatech.genomecenter.ucdavis.edu/>).

Raw 16S rRNA gene and ITS sequence files were analyzed with the QIIME software package version 1.9 ([@B31]). Paired-end sequences with a minimum of 50 overlapping nucleotides were joined prior to demultiplexing according to the 8-bp barcode from the forward primers. 16S rRNA gene reads with an average Phred quality score below 30 were discarded prior to chimera checking with USEARCH61 ([@B32]). DNA sequences were subsequently clustered into operational taxonomic units (OTUs). GreenGenes database version 13.8, clustered at 97% identity ([@B33], [@B34]), was used for 16S rRNA gene open reference OTU picking and taxonomy assignment.

For ITS sequences, we built a custom yeast reference database on 30 June 2015 (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). This database was constructed because the UNITE database (<https://unite.ut.ee/>) ([@B30]) was not sufficient for identification of yeast taxa known to be present on olives, even after the addition of taxonomy strings to unclassified sequences. For the custom yeast database, ITS sequences of 875 yeast strains were compiled from GenBank (<https://www.ncbi.nlm.nih.gov/genbank/>) and consisted of yeasts in the 2011 yeast taxonomic treatise ([@B35]) as well as new species described after 2011 for which ITS sequences were available. The database also encompassed an additional 9 ITS sequences were obtained from the Portuguese Yeast Culture Collection (<http://pycc.bio-aware.com>). All sequences differed by at least 1% sequence identity. The database included 164 yeast species known to be associated with olives. Each of the yeast taxonomy strings was edited so that they referenced exactly six taxonomic ranks. Olive-associated species with missing taxonomy strings were manually updated using information from the UniProt database (<http://www.uniprot.org/taxonomy>). The species with updated taxonomy strings were *Candida boidinii*, *Candida apicola*, *Candida etchellsii*, *Candida parapsilosis*, *Candida pararugosa*, *Candida rugosa*, *Candida solani*, *Pseudozyma graminicola*, and *Pseudozyma shanxiensis*. The custom database served as a reference for OTU picking and taxonomic assignment.
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Bacterial and fungal OTUs with total sequence abundances below 0.00005% were discarded ([@B30]) as well as OTUs identified as chloroplast and mitochondria. Three bacterial samples with fewer than 400 sequences and two fungal samples with under 800 sequences were excluded from downstream analyses. For assessments of alpha diversity, bacterial and fungal data were rarefied to sequence depths of 504 and 1,080, respectively, representing the minimum sequence depths among the olive samples. For beta diversity analysis, microbial populations were first normalized using cumulative sum scaling (CSS) because this technique takes undersampling into consideration and was shown to improve clustering analysis of distinct communities ([@B36]). Weighted UniFrac ([@B37]) distance matrices were generated from the 16S rRNA gene data and subsequently used to produce principal coordinates.

Statistical analysis. {#s3.7}
---------------------

Statistical differences in pH, salinity, olive firmness, and viable microbial cell numbers between the olive fermentations were calculated with Microsoft Excel (Microsoft, Redmond, WA). For assessments of brine pH and salinity, we aggregated results from days 3 to 76 and from days 106 to 223. We did not include values from the days when acetic acid or salt was added to the fermentations because not all fermentations received those amendments. Olive and brine measurements were tested for heteroscedasticity using Bartlett's test. Heteroscedastic data were evaluated with Welch's ANOVA and the Games-Howell *post hoc* test. Homoscedastic data were analyzed using either the Mann-Whitney *U* test or the Kruskal-Wallis test followed by Dunn's *post hoc* test. Multivariate analysis of taxon enrichment among different treatment groups was performed using the MaAsLin statistical framework (<https://huttenhower.sph.harvard.edu/maaslin>). Differential taxon abundances between days 37 and 71 were determined with the QIIME differential_abundance.py script employing metagenomeSEQ's fitZIG algorithm ([@B36]). Differences in alpha diversity were calculated with the compare_alpha_diversity.py script using the Student's *t* distribution test in a pairwise manner with false discovery rate correction.

Accession number(s). {#s3.8}
--------------------

DNA sequences were submitted to the NCBI Sequence Read Archive (SRA) (<https://www.ncbi.nlm.nih.gov/sra>) under accession no. [PRJNA296398](https://www.ncbi.nlm.nih.gov/bioproject/PRJNA296398/) for both 16S rRNA gene sequences and fungal ITS sequences.
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